Microbial organisms associated with plants have been categorised as 'pathogens', 'parasites', or 'mutualists', which can be considered as three extreme types of organism ( Figure 1 ).Thus, relationships ranging from mutualistic, where both plant and microbe benefit, to parasitic, where the microbe receives some benefit from the interaction at the expense of the host, can all be considered as symbiotic (see Glossary). Parasites colonise their host but cause only what might be described as collateral damage by their physical presence and by taking resources from their hosts. By contrast, pathogens can actively damage the host plant for their own trophic benefit, frequently causing necrosis. However, new evidence from, for example, molecular detection methods is revealing that many microorganisms enter several different relationships with plants during their life cycles [1, 2]. If microbes are placed in discrete categories, it does not take into account the dynamic nature of interactions, which is critical to the reproduction of both the plant and microbe and can be altered in favour of microorganism or plant host. In an agricultural context, it is normally the grower's aim to favour the plant host and to eliminate the microorganism(s) if they are known only as   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 pathogens. However, this may not always be the best strategy; some microorganisms currently regarded as crop pathogens can complete their life cycle on the same crops or other plant species without causing disease, because they remain asymptomatic parasites or even mutualists (i.e. providing benefit to the host).
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If pathogenesis, parasitism and mutualism describe important attributes of the relationship between microbes and plants, to influence the dynamics of these interactions, it 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 maculans influence epidemics in winter oilseed rape very differently. In Europe, at first, there is a short symptomless phase after infection of leaves by ascospores in autumn, followed by the formation of necrotic phoma leaf spots after a few weeks (Figure 3e , [11, 12] ). These spots then provide a food base to support a second symptomless phase, lasting up to eight months, when L. maculans spreads from the leaf spots along veins and traverses the petiole to reach the stem at the site of leaf scars (Figure 3f,g) [13]. The fungus continues to colonise stem tissue symptomlessly (Figure 3h ,i) until damaging cankers form in the spring, possibly in response to changes in host development during flowering (Figure 3j ). Quantitative resistance against L. maculans operates to slow its growth during this second symptomless phase [1] .
Pseudomonas syringae is a classical hemi-biotrophic bacterial pathogen that expresses no symptoms whilst multiplying first on the leaf surface and then in the apoplast. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 ability to cause disease symptoms, this classification may underestimate the importance of other phases of their life cycles that may be important in terms of ecosystem function.
Microbes not recognised as pathogens that colonise plants
The root surface (or rhizoplane) and surrounding rhizosphere support complex microbial communities that can influence nutrient availability and the ability of opportunistic pathogens to colonise roots [23] . Such microbial diversity is likely to be important in impeding infection by pathogens [24, 25] . Wheat rhizosphere microbial communities have been shown to differ between wheat cultivated in a continuous monoculture and wheat grown after a break crop [26] . Furthermore, there is growing evidence that genotypes of wheat might differ in their microbial communities, including their ability to support the growth of beneficial Pseudomonas species [27] [28] [29] . Such variation can influence the growth of subsequent crops [30] . Some wheat genotypes can suffer greater yield losses than others when they are grown after another wheat crop (see Recommended Lists at: www.hgca.com), possibly because they support different microbial rhizosphere communities with either direct or indirect effects on interactions with pathogens, including Gaeumannomyces graminis var. tritici ('take-all').
Indeed this relationship has been studied more intensively in natural systems, where such plant-soil feedback phenomena have been linked to succession [31] .
Interactions within the rhizosphere provide excellent examples of interactions traditionally considered to be mutualistic, including the symbiosis of legumes and rhizobium bacteria and woody hosts and mycorrhizal fungi (Figure 1 ). The microbes are symbiotic biotrophs, feeding on living host tissues in such as way as to benefit their plant hosts (e.g. through provision of nitrogen or other nutrients to the host). In the legume-rhizobium symbiosis, in root nodules microbially-fixed nitrogen is exchanged for plant-produced carbon. Arbuscular mycorrhizal fungi form symbiotic relationships with the majority of land 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 or developmentally-related triggers and the pathogen responses need to be quantified in molecular terms in stressed plants. To achieve this, a broad range of host and pathogen genes need to be assayed for changes in their regulation across specific stress interactions for a range of key time-points. Study of these interactions might provide an ideal system to gain an understanding of differences in gene expression associated with different symbiotic or pathogenic states.
Changes in trophic relationships can also be induced by the microorganism directly (e.g. quorum-sensing) or indirectly through manipulation of host defences using hormones and hormone mimics [41] . For example, the pathogen causing witches' broom disease of cocoa, Moniliophthora perniciosa, produces five times more salicylic acid (SA) in infected brooms (dense shoot deformity) than healthy shoots [42] . The SA pathway can down-regulate the jasmonic acid (JA) signalling pathway, which is involved in resistance to insect herbivores and necrotrophic pathogens [43, 44] and therefore probably render host tissue susceptible to the necrotrophic phase of the fungus. Chaves and Gianfagna [39] speculated that M. perniciosa might have acquired the ability to produce SA, facilitating its evolution from a biotrophic endophyte to a hemi-biotrophic pathogen. The hemi-biotrophic bacterial pathogen P. syringae has also been shown to induce systemic susceptibility to subsequent P. syringae infection in Arabidopsis [45] . This systemic induced susceptibility was caused by the pathogen-produced toxin, coronatine, a JA mimic that could block the SA pathway, rendering host tissues susceptible to the biotrophic phase of the pathogen.
Plant genotype functionality, such as responsiveness to stress and resource utilisation, can be enhanced by the presence of endophytes; for example Piriformospora indica in barley [46] does not change to a pathogenic state. P. indica is thought to achieve mutualism through interference with host cell death mechanisms [47] . In fact, there is probably a bacterium associated with the fungus [48] that confers on the host salt tolerance (through increased   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The peculiar status of certain pathogens defined by their recognition as causal agents of crop plant disease is illustrated by Ramularia collo-cygni. [6, 7] In its asymptomatic biotrophic phase, R. collo-cygni might be expected to be mutualistic and confer some benefit to the host at that stage of the plant life cycle to offset any damage conferred when the fungus changes to a pathogenic phase to provide resource for fungal reproduction and dissemination.
Whereas in natural vegetation, these effects might be in ecological balance, in agriculture they are not, at least during the extended grain-filling stage when the damage occurs.
Therefore we would expect that if the trigger(s) for the pathogenic phase change were not received and the infection continued to be mutualistic, then the benefits would also continue and be expressed more strongly in a crop. Preliminary data indicates that this is the case in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 barley where enhanced asymptomatic infection is correlated with enhanced yield in several cultivars.
In a food security context, tolerance should assume greater importance since it is an aspect of resilience, and both concepts are important components of a sustainable agroecosystem. Hitherto, tolerance has largely been considered in terms of its genetic and physiological basis. Ecological interactions, which will have genetic and physiological components, are likely to have similar or greater importance.
Consequences for crop management
Management of infection by microbes that can become pathogenic is clearly important for minimising both their direct impact on crop yield and their potential impact through generation of new, more pathogenic, races. However, this is still a pathogen-centred view of crop health, whereas a broader perspective of the balance between the organisms that comprise the crop ecological community, both above-and below-ground, is likely to result in more sustainable practices. This might be characterised as a change from management to eliminate pathogens to management to favour predominance of beneficial organisms and to confine potential pathogens to their asymptomatic, stable states. To achieve this, the control strategy might change from use of broad-range fungicides to use of narrowly targeted fungicides or resistance-inducing approaches.. Alternatives to fungicides, such as resistance elicitors, might offer the potential for selective efficacy. This is because they can work through priming of broad-spectrum defence pathways, where resistance mechanisms are expressed only when potential pathogens change to pathogenic phases [60] . Whilst many resistance elicitors have been identified, and some are available as products on the market
[61], there is a need to extend current knowledge of pathogenicity triggers to successfully exploit this crop management approach. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 However, there could be fitness trade-offs associated with such resistance [65] . It is not clear whether such interactions should be classified as pathogenic or parasitic since there is no evidence that they are actively damaging their host.
We advocate a more knowledge-based approach to crop management that will enable full use of molecular genetic understanding of plant-microbe interactions through all breeding and deployment approaches, including 'genetic manipulation'. The complex heterogeneity of multiple organism interactions builds resilience into host and microbial communities, leading to enhanced host function [56] . Tilting the balance in favour of beneficial organisms is crucial to the economic and ecological sustainability of the arable crop system. For this aim to be realised, a more thorough understanding of all the organisms associated with crops and their trophic relationships is required before effective crop management can be achieved.
Conclusions
It can be argued that associations which favour survival of all organisms in plant-microbe interactions are the ecological norm and that the pathogenic state is ecologically unsustainable in monocultures. Alternatively, it can be hypothesised that pathogenesis is just a functional phase of a life cycle where propagation of the microorganism is the appropriate priority at the expense of the host. This pathogenic phase is extended through the prolonged grain-filling phase in the context of a cereal crop, which is unsustainable from an ecological perspective. Rather than to attempt to eliminate potential pathogens, it might prove more effective, or sustainable, to develop breeding or crop protection schemes that aim to manipulate trigger signals to favour more symbiotic, mutualistic states in their life cycles.
Understanding the nature and control of trophic state change triggers should therefore be a priority for research. This needs to be investigated in several microbe-plant associations, since there may be many mechanisms involved. Both the relative importance and dependence 16 of different mechanisms must be understood. However, the past focus on understanding mechanisms of pathogenesis has also been to the detriment of understanding the mechanisms of symbiosis in the same organisms. To control disease in crops, it may be as important to promote these mechanisms of symbiosis as to avoid triggering pathogenicity mechanisms.
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Endophyte: an organism which completes its life cycle in a plant which shows no external sign of the infection.
[67]
Hemi-biotroph: Literally -half biotroph.
Mutualism: a mutually beneficial relationship between two species, especially an obligate mutually beneficial relationship without which neither can survive.
Necrotroph: an organism that feeds on dead tissues or cells.
Parasitism: a relationship between two species in which one, the parasite, benefits from the other, the host; it usually also involves some detriment to the host organism.
Pathogenesis: the source or development of a disease or disease process. Cell Biology. in particular, the cellular events and reactions occurring during the disease development. Medicine. (Pathogenic) giving rise to morbid tissue changes or to a pathological condition by which a diagnosos can be made.
Symbiont: an organism that forms a close association with another organism. A symbiont may be categorised as mutualistic, commensal, or parasitic in nature.
Trophic: of or having to do with nutrition or the nutritive process. Benefit ---------------------------- 
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